Background--Hyperuricemia and markers of inflammation are correlated with the risk for hypertension. Whether hyperuricemia has any impact on the association between C-reactive protein (CRP) and hypertension is not known.
U ric acid is a byproduct of normal purine catabolism that is excreted mostly in urine but also through the gastrointestinal tract. Numerous studies have identified serum urate concentrations >7 mg/dL as an independent, major risk factor for hypertension; lowering serum urate is associated with reduction in blood pressure. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The mechanism that links hyperuricemia and these adverse clinical outcomes has not been elucidated. Both pro-oxidant and antioxidant properties have been attributed to uric acid, depending on the context. [11] [12] [13] One pathophysiological model proposes that the oxidative stress associated with hyperuricemia leads to lipid oxidation that in turn becomes antigenic, triggering an immune response and systemic vascular inflammation.
11, [14] [15] [16] C-reactive protein (CRP) is one biomarker of systemic inflammation that has been linked to cardiovascular disease and mortality. 15, 17 Ruggerio et al found that hyperuricemia was associated with elevated CRP and other inflammatory markers in a cohort of elders. 18 Other studies have examined the urate-CRP link in populations with high cardiovascular risk due to factors such as metabolic syndrome, 19 renal disease, hypertension, 20 or diabetes. 21 In the context of the general population free of metabolic syndrome, it is uncertain whether hyperuricemia is associated with elevated markers of systemic inflammation, whether hyperuricemia and CRP are associated with a higher prevalence of hypertension, and whether the presence of one of these modifies the association of the other with hypertension.
If the hyperuricemia-oxidative stress-inflammation model is correct, it follows that hyperuricemia will be associated with higher serum levels of markers of inflammatory response. The first objective of this study was to assess the relationship between hyperuricemia and CRP among those without gout or metabolic syndrome in a general population setting. The second objective of this study was to assess the statistical association of urate concentration on the previously reported CRP-hypertension link. 22, 23 Furthermore, we studied the effect of the concurrent presence of hyperuricemia and CRP on the prevalence of hypertension.
Methods Data Source
For this analysis, we used data from the National Health and Nutrition Examination Survey (NHANES) 2009-2010 cycle, a cross-sectional, nationally representative sample of the noninstitutionalized adult US population. An exhaustive description of the survey design, data collection strategies, and instruments is available online (http://www.cdc.gov/ nchs/nhanes/nhanes2009-2010/nhanes09_10.htm). Briefly, this survey is a complex multistage sample of the US population where the basic geographic unit is the county. The survey deliberately oversamples difficult-to-enroll patient subgroups. The survey has 3 major data collection components: a telephone interview; an in-person visit with additional questionnaires and anthropometry, other biometric measurements, and blood pressure measurement; and a laboratory test including a fasting phlebotomy. All participants provided informed consent for the data to be disseminated in a deidentified format, the format obtained for this study. Deidentified data are freely available in the public domain, and an institutional review board approval was not required. Dr Krishnan possesses the source data and computer code for data analyses and serves as the guarantor of this report.
Inclusion and Exclusion Criteria
Overall, there were 10 537 observations in the NHANES 2009-2010 datasets, from which we first excluded participants <20 years of age (n=4319), those who were missing values for serum urate (n=508), or those with gout (n=277) and examined the bivariate relationship between metabolic syndrome and CRP concentrations. Subsequently, those with metabolic syndrome (n=1194) were excluded, leaving a final analysis dataset with 4368 observations.
Blood Pressure Measurement
Standardized blood pressure measurement was performed by trained personnel and/or physicians using a mercury sphygmomanometer. Details of blood pressure measurement, calibration protocol and quality control measures are available (http://www.cdc.gov/nchs/data/nhanes/nhanes_09_10/ BP.pdf). All measurements were performed in the mobile examination center. After 5 minutes of resting in sitting position, 3 arm measurements were performed using a cuff size appropriate for the individual. If needed, a fourth measurement was performed. For our analyses, we calculated the mean of these measures for each participant.
Laboratory Testing
Fasting serum specimens were processed, stored, and shipped to Collaborative Laboratory Services for analysis. Serum creatinine was assayed using the Jaffe rate method, and urate was assayed by using the uricase method. CRP was assayed using a Behring Nephelometer. The lower limit of detection of the CRP assay was 0.2 ng/dL. As per NHANES protocol, CRP measured below the threshold of detection (0.02 ng/dL) was divided by the square root of 2. Exhaustive technical details of these assays including calibration and standardization protocols are available in the NHANES Laboratory/Medical Technologists Procedures Manual (http://www.cdc.gov/nchs/ nhanes/nhanes2009-2010/labdoc_f.htm;accessed).
Case Definitions
We used the standard NHANES case definition for gout that was dependent on self-reported health care provider diagnosis. Hyperuricemia was defined as a serum urate of >7.0 mg/ dL, similar to the definition used in other studies. 24 25 Income was measured using the poverty income ratio, the ratio of a family's income to the US Census Bureau's poverty threshold, which varies with the number and ages of family members and is revised yearly. 26 
Statistical Analyses
Unless specified otherwise, all analyses were performed using the survey suite of commands in STATA 11 (StataCorp). These analyses incorporated the study visit weights, primary sampling unit, and stratification design of the study. All SE values and 95% CIs were computed using the Taylor-linearized variance estimation. Because the results from this study were from weighted analyses, all descriptive measures are pre-sented with 95% CIs as opposed to SDs. A P value of <0.05 was deemed to indicate statistical significance. We dichotomized serum urate and CRP measures for our primary analyses but also present analyses with these as continuous measures wherever needed. The choice of cutoffs for defining elevated CRP was based on published literature; the performance of this cutoff was assessed in our data using receiver operator characteristic (ROC) curves. The distribution of CRP measures was skewed and, therefore, we logtransformed CRP measurements for the purpose of fitting regressions where it was modeled as a continuous measure.
Analysis of Hyperuricemia and Elevated CRP
In these models, the key independent variable was serum urate. We used ordinary least squares regressions where the key dependent variable was log-transformed serum CRP. We estimated percent difference in the CRP concentration for each 1-SD increase in serum urate (1.4 mg/dL) after adjustment for age, estimated glomerular filtration rate per CKD-EPI creatinine equation, total cholesterol, poverty ratio, HDL cholesterol, and body mass index as continuous variables and sex, ethnicity, education level (less than high school, high school, greater than high school), and ever smoking as categorical variables. The regression coefficient associated with serum urate was assessed as the percent change in CRP per finite change in serum urate.
CRP and the Hyperuricemia-Hypertension Link
We addressed the statistical association between CRP concentration, hyperuricemia, and hypertension using ordinary least square (OLS) and logistic regression models.
OLS Models
We used multivariable OLS models where systolic and diastolic blood pressures were modeled separately as dependent variables. In these models, the covariates adjusted for included all those described in the previous section. We entered serum urate and log-transformed values of CRP separately and then together along with other covariates. Subsequently, we calculated the magnitude and significance of linear combination of the respective b coefficients.
Logistic Regression Models
Here, too, we assessed the multivariable adjusted odds ratios of hyperuricemia and elevated CRP on the prevalence of hypertension. The covariates adjusted were the same as the OLS models. We calculated odds ratios in unadjusted and in age-, sex-, and ethnicity-adjusted models. In final models, age, estimated glomerular filtration rate per CKD-EPI creatinine equation, total cholesterol, poverty ratio, HDL cholesterol, and body mass index were included as continuous variables and sex, ethnicity, education level (less than high school, high school, greater than high school), and ever smoking were included as categorical variables. To study the statistical impact of the presence or absence of hyperuricemia on the CRP-hypertension association, we combined hyperuricemia and CRP into a single variable with 4 strata: low urate/low CPR, low urate/high CRP, high urate/low CRP, and high urate/high CRP concentrations. Odds ratios for these strata were examined for potential effect modifications.
Results

Participants Included in the Analyses
Before exclusions, we examined the prevalence of metabolic syndrome among adults overall. The overall prevalence of metabolic syndrome was 16.8% (95% CI 15.4% to 18.4%), the prevalence of hyperuricemia was 12.7% (95% CI 11.6% to 13.9%), and the prevalence of elevated CRP was 4.7% (95% CI 3.8% to 5.7%). The mean CRP concentration was lower among those without metabolic syndrome than those with the syndrome across the range of serum urate ( Figure 1 ).
After exclusions, the analysis dataset consisted of data from 4368 participants. Table 1 provides the characteristics Figure 1 . Weighted analysis of association between serum urate and CRP among those with and without metabolic syndrome in NHANES 2009-2010. Means were calculated using logtransformed values of CRP, which was then back transformed. In weighted, bivariate ordinary linear regressions where both logtransformed CRP and serum urate were analyzed as continuous variables, there was no significant trend among those with metabolic syndrome but the trend among those without was statistically significant at <0.0001. CRP indicates C-reactive protein; NHANES, National Health and Nutrition Examination Survey. 
Choice of Cutoffs for Hyperuricemia and Elevated CRP
In ROC analyses within the analysis dataset, the definition of hyperuricemia in the present study (serum urate >7.0) correctly classified hypertension in 71% of observations with a positive likelihood ratio of 2.6 and a negative likelihood ratio of 0.9. The area under the ROC curve was 0.56. The definition that we used for elevated CRP classified hypertension correctly in 64% of the observations with positive and negative likelihood ratios of 1.3 and 0.89, respectively. The area under the ROC curve was 0.54. When hyperuricemia was redefined as serum urate >7.0 mg/dL for men and >6.0 mg/dL for women, the ROC characteristics did not significantly improve. The sex-specific definition correctly classified hypertension in 73% of observations, with positive and negative likelihood ratios of 2.89 and 0.80, respectively. The area under the curve was 0.59 (95% CI 0.58 to 0.61), which was less than that under the study definition that we used. Similarly, a single cutoff value of 3.0 mg/dL in our dataset was not superior to the distribution-based measure that we used. The former correctly classified hypertension in 73% of the observations with positive and negative likelihoods of 2.89 and 0.80, respectively, and an area under the curve of 0.50 (95% CI 0.49 to 0.51). Table 2 shows the results of the linear regression analyses that suggest a statistically significant relationship between urate and CRP levels overall and in all subgroups except Hispanics, the "other ethnicities" category (that included Americans of Asian, Pacific Island, and Native American heritage) and among the lowest age tertile. 
Analysis of Association of Serum Urate and CRP
Hyperuricemia and Hypertension
Hyperuricemia was a significant correlate of hypertension with an unadjusted odds ratio of 2.72 (95% CI 2.20 to 3.38) and an age-, sex-, and race-adjusted odds ratio of 2.94 (95% CI 2.27 to 3.81). In the final model, the odds ratio was 2.21 (95% CI 1.71 to 2.85). Figure 2 shows the odds ratios for participants grouped by age, sex, and ethnicity. Multivariable logistic regression models adjusting for age, estimated glomerular filtration rate per CKD-EPI equation, total cholesterol, poverty ratio, HDL cholesterol and body mass index as continuous variables and sex, ethnicity, education level (less than high school, high school, greater than high school), and ever smoking as categorical variables.
Elevated CRP and Hypertension
Elevated CRP was associated with an unadjusted odds ratio of 1.74 (95% CI 1.29 to 2.40) and an age-, sex-, and ethnicityadjusted odds ratio of 1.60 (95% CI 1.05 to 2.44). In the final model, elevated CRP was not associated with prevalence of hypertension (odds ratio 0.99, 95% CI 0.34 to 1.54). When the multivariable analyses were repeated in separate OLS models where systolic and diastolic blood pressures were the dependent variables and log-transformed CRP was the independent variable, no statistically significant associations were observed.
Hyperuricemia, Elevated CRP, and the Prevalence of Hypertension
OLS Models
We first examined OLS models where systolic, diastolic, and pulse pressures were dependent variables; serum urate and log-transformed CRP as continuous variables were the independent variables of interest. Figure 3 shows the mean systolic and diastolic blood pressure measurements stratified by quintiles of serum urate and quartiles of log-transformed CRP measures. In unadjusted OLS models where these were entered as continuous measures, both serum urate and logtransformed CRP variables were statistically significant correlates of systolic blood pressure. Of the 2, only serum urate was correlated with diastolic pressure. In multivariable (final) models where urate and log-transformed CRP were entered, systolic blood pressure was associated with serum urate levels, and diastolic pressure was not correlated with urate or CRP levels. The combined b coefficient of CRP and serum urate was 0.90 (95% CI 0.32 to 1.48) compared with the individual effect of CRP alone at 0.28 (95% CI À0.26 to 0.82). Such differences were not observed for diastolic blood pressure.
Logistic Regression Models
In separate multivariable logistic regression models, hyperuricemia was associated with hypertension with an odds ratio of 2.21 (95% CI 1.71 to 2.85) but elevated CRP was not (odds ratio 0.99, 95% CI 0.64 to 1.54). Results of logistic regression models where the statistical impacts of concurrent hyperuricemia and elevated CRP were assessed are given in Table 3 . Notably, elevated CRP was associated with significantly higher prevalence of hypertension among those with hyperuricemia only.
Discussion
Using data from the broad adult population without gout and metabolic syndrome, we were able to draw 3 conclusions. First, we observed that CRP concentrations were higher among those with greater serum urate concentrations, independent of age, sex, ethnicity, measures of obesity, or other potential confounders. Prior studies have documented an independent relationship between hyperuricemia and hypertension among middle-aged men. 27 In the present study, hyperuricemia was significantly associated with higher prevalence of hypertension among men and women without any other components of the metabolic syndrome. Last, our analysis showed that elevated CRP (>0.7 mg/dL) is not associated with higher prevalence of hypertension independent of presence of concurrent hyperuricemia or other risk factors.
The link between hyperuricemia and inflammation has been examined in vitro studies, animal models, and human studies. 16, [28] [29] [30] [31] Urate micro crystals are known to be released from dying cells, triggering a danger signal that results in activation of the inflammasome and the interleukin-1 pathway. [32] [33] [34] [35] [36] It has been suggested that the ensuing activation of arterial wall immune cells drives atherosclerosis and arteriosclerosis and is responsible for the elevated inflammation markers among those with hyperuricemia. 16, 30 In epidemiological settings, elevated serum urate temporally precedes elevation of interleukin-1 and CRP (with expression driven by interleukin-6), suggesting that interleukin-6/CRP may be a mediator in the hyperuricemia-cardiovascular link. 37 Treatment with anti-CRP antibody can reverse the stimulant effect of urate on vascular cell proliferation, migration of vascular smooth muscle cells, and nitric oxide release in human umbilical vein cells, suggesting that CRP expression may be responsible for urate-induced vascular remodeling. 14 A definitive interventional study involving >17 000 participants that examines the impact of interleukin-1 inhibition on cardiovascular outcomes is under way.
38
A recent meta-analysis of epidemiological literature on hyperuricemia and hypertension provided the striking observation that all except 3 of the 9 studies of men and all studies of women suggest that hyperuricemia and hypertension links are independent of other risk factors. 39 Some have argued that conventional statistical analyses cannot avoid residual confounding from prevalent metabolic syndrome. 40 To address this, we analyzed data from 3073 middle-aged men at high risk for cardiovascular events but not metabolic syndrome and reported a 80% increase in the risk for those with serum urate >7.0 mg/dL. 27 In the present study, we extended our observations to a sample of men and women from the general population in the United States who were free of metabolic syndrome. The putative role of CRP in the etiology, diagnosis, prevention, and treatment of hypertension is under investigation. Elevated serum levels of CRP and interleukin-6 have been associated with incident hypertension. 22, [41] [42] [43] [44] [45] Elevated CRP levels are associated with greater vascular stiffness, an early indicator of hypertension. 46 Studies using a Mendelian randomization approach suggest that the observed link between CRP and hypertension is unlikely to be causal. 47 Thus, whether CRP is a marker, mediator, or causal factor remains controversial. Despite evidence for a link between urate and inflammation, few studies have assessed whether the presence of hyperuricemia modifies the association between CRP and hypertension. The present study raises the interesting possibility that the high-oxidative stress that occurs during hyperuricemia may be a necessary precondition for the links between systemic inflammatory state (represented by elevated CRP) and hypertension. The limitations of this study were the cross-sectional design and the possibility of residual confounding by covariates that were not available for analysis such as medication data (eg, statins, diuretics). Although the study population was free of metabolic syndrome, it was by no means healthy; only 38% were free of all components of metabolic syndrome. Thus, although the risk profile of our analysis group is better than that of patients with metabolic syndrome, our results should not be construed as applicable to a healthy population.
Perspectives
Hyperuricemia is common and easily detected and bears consistent association with hypertension regardless of the study setting. Semelweis (1818-1865) observed that the mortality from puerperal fever was lower in women attending a clinic run by midwives than it was in those attending the clinic run by physicians. Without any understanding of the specific bacteriology, he was able to drastically reduce mortality by instituting better a hand-washing regimen in the clinics. Similarly, despite ongoing research efforts, causal relation, if any, may never be proved or disproved beyond doubt in the near future. The early studies suggesting therapeutic benefits of urate reduction may or may not ultimately lead to preventative use of allopurinol, a uratelowering medication. 5, 6 Disclosures Dr Krishnan has served as a consultant to Takeda Pharmaceuticals, Inc, URL Pharmaceuticals Inc, Metabolex, Inc, and UCB Pharmaceuticals, Inc, and has received grant support from URL, ARDEA Biosciences, and Takeda. However, these entities did not sponsor this study or have access to the contents prior to publication. Dr Krishnan was responsible for all aspects of this manuscript from concept to finalizing the manuscript. He serves as the guarantor for this article. There are no patents, products in development, or marketed products to declare.
